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I ABSTRACT ‘- 

Polished sections of the Ja jh  deh Kot Lalu enstatite chondrite 

have been studied microscopically. The composition of i t s  minerals 

has been ascertained by means of local  electron microprobe X-ray 

analysis.  Weu-analyzed minerals and pure elements were used as 

standards. Corrections were made for  wavelength sh i f t ,  detector 

deadt ime , background, mass absorption, secondary fluorescence , and 

atomic nunher. Oxygen, nitrogen, and carbon were measured quanti- _ _  

t a t i v e l y  using newly developed dispersive detection systems. 

following minerals were found and analyzed: 

oligoclase, kamacite , t r o i l i t e ,  oldhamite , daubreelite, f e r ro  

alabandite, schreibersite , graphite, and a new mineral, s ino i te  

( s i l i con  oxynitride, Si2N20) . 

The 

ens t a t i t e  , pigeonite, 

The unusual mineral association, the  

chalcophilic behavior of T i ,  Mn, C r ,  Ca, the  occurrence of S i  i n  

kamacite, and the presence of sinoite indicate that the meteorite 

w a s  formed under strongly reducing conditions. Chemical- 

m h e r e l n g i  c a l  relationships between ens t a t i t e  achondrites and 

e n s t a t i t e  chondrites are discussed. The r e su l t s  suggest that 
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ens t a t i t e  achondrites may have originated v i a  remelting of ens t a t i t e  

chondrite type stones with simultaneous gravi ta t ional  separation 

under highly reducing condl t lone . 

INTRODUCTION 

Meteorites in general were formed under comparatively reducing 

conditions. 

two which were formed in  an even higher reducing e n v i r k n t  than 

were the  majority of the ordinary stones. 

achondrites and ens t a t i t e  chondrites. Although small in number 

(only nine ens t a t i t e  achondrites and twelve ens t a t i t e  chondrites are 

known) they are  of par t icular  in te res t .  

conditions, cer ta in  rare  minerals were formed, most of which are 

unknown f r o m t e r r e s t r i a l  ro$:frs. .," 
meteorites and t h e i r  minerals-. were studied microscopically (e  .g . , 
STORY -MAsIcELyNE, 1862, 1870 ; BORGSTRGM , 1903 ; PRIOR, 1916; 

JOKNSTON and CONNER, 1922; LACROM, 1923; FOSEW;, 1939, 1940; 

KU'PLETSKII and OSI 'ROVSKII ,  1941; LQNSDALE, 1947; BECK and LA PAZ, 

However, among the various stone meteorit-e . .- classes  are 

These are  the ens t a t i t e  

Due t o  the highly reducing 

I n  the past, several of these 

- /  

. 

1951; DAWSON e t  al.,  1960; RAMDOHR, 1963). 

quantitative analyses of minerals from these meteorites are 

available (e.g. ,  BORGSTREM, 1903, FOSHAG, 1940; KEIL and FREDRIKSSON, 

1963). 

these rare minerals are the d i f f i cu l t i e s  involved in t h e i r  clean 

mechanical separation from the complex intergrowths in the  

However, only very f e w  

The main reasons f o r  the lack of quantitative analyses of 
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meteorites as well as the limited quantit ies of meteoritic material 

available f o r  destructive analysis. These d i f f i c u l t i e s  can be 

overcome using electron microprobe techniques which allow non- 

destructive, quantitative analyses of mineral grains as small as 

i 

The only description was given by HOBSON (1927), who erroneously 

c lass i f ied  the meteorite as a veined crystal l ine chondrite; 

however, MASON (1962) l i s t e d  the meteorite properly as an ens ta t i te  

chondrite. 

one micron in diameter t o  be carried out both i n  polished and in 

th in  sect ions . 
The Ja jh  deh Kot Lalu ens ta t i te  chondrite w a s  seen-to f a l l  on 

May 2, 1926 near the  vi l lage of Jajh deh Kot Lalu, Faizganj taluk, 

Khairpur, Pakistan (26O 45' N, 68' 25' E ) .  

recovered immediately after the fall ,  weighing 970 grams together. 

Two fragments were 

MEmOD 

-.. 
The chemical compositions of the minerals in the Jajh deh Kot 

Lalu ens t a t i t e  chondrite were determined by electron microprobe 

techniques. Polished sections of the meteorite were coated with 

an evaporated layer of carbon, a few hundred Angstroms thick t o  

make them conductive. The electron microprobe permits nondestructive 

l o c a l  chemical analysis of a volume of a few cubic microns of the 

surface regions of the sample. The sample i s  bonibarded with a 

finely focused beam of high-energy electrons and the resultant 
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X-ray emission spectrum i s  analyzed f o r  wavelength and intensi ty  

with dispersive X-ray detection systems. 

carrled out using three Appl ied  Research Laboratory electron 

microprobe X-ray analyzers located at  the University of California, 

La Jolla; at the  Hasler Research Center, Goleta, California; and 

at the  NASA Ames Research Center's Space Sciences Division, 

The measurements were 

Moffett Field,  California. - _  

The chemical analyses of the  minerals were perfoqmed in the 

following manner. 

viewed while being bombarded by the electron beam. 

analyze and view a grain simultaneously assures an accurate correla- 

t i on  of chemical composition with the position of the beam on the 

sanrple . Three modes of analysis were used. F i r s t ,  qual i ta t ive 

Typical grains were optically selected and 

The a b i l i t y  t o  

spectra were taken of every mineral using a stationary electron 

beam and naming the  spectrometers through the complete wavelength 

ranges corresponding t o  elements of atomic numbers 

92 (boron through uranium). 

mineral grains and t h e i r  immediate surroundings were taken by 

sweeping the electron beam over a selected area in the sample and 

recording the resul tant  characterist ic X-ray in tens i t ies  as seen 

Z = 5 through 
- .. 

Second, scanning photographs of the 

by the  spectrometers on an oscilloscope screen (polaroid photographs 

of these images were taken and are presented in Figs. 1, 3, 6, 7,11, 

12, 14, and 16).  

known t o  be present in every mineral were carried out .  

Third, q m t i t a t i v e  analyses of the elements 

Both pure 
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elements as w e l l  as chemically analyzed minerals were used as standmds. 

The composition of the ens ta t i te  was evaluated using cal ibrat ion curves 

given by KEIL and FREDRIKSSON (1964), while the pigeonite and oligoclase 

were analyzed using several chemically analyzed feldspar standards as 

well as pure AI. and pure Fe. 

measured with pure ion and a chemically analyzed pyri te  as standards. 

Pure Mg (as w e l l  as ens ta t i te  and olivine),  T i ,  C r ,  and Mn were used 

Iron and sulfur i n  the sulfides were 

as standards i n  the analyses of the sulfides,  while pure Fe, N i ,  Co, 

and S i  served t o  determine the composition of the metallic nickel- 

iron. 

Pure Fe, N i ,  Co and a chemically analyzed apatite were used t o  

analyze the  schreibersite.  The analyses of s inoi te  were performed 

with pure Si,  SiO2, ens ta t i te ,  and BN as standards. Both graphite 

and diamond were used as standards t o  determine the graphite i n  the 

meteorite. 

C a  in the  sulfides w a s  compared with several C a  feldspars.  

The quantitative data were corrected f o r  wavelength sh i f t ,  
._ 

detector deadtime, background, mass absorption, secondary fluores- 

cence, and atomic nGber.  

were corrected w i t h  the  following data. Mass absorption corrections 

w e r e  carried out using mass absorption coefficients given in  Morelco 

Reporter (1962) and the 

WIlTRY'S (1962) formulas were used fo r  secondary fluorescence 

corrections.  

Elements of atomic number I 2  and above 

f(X) tables  given by ADI;ER (1962), while 

The atomic number effect  w a s  empirically evaluated 
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by measuring the iron i n  FeSz of known composition against pure Fe. 

After a l l  other corrections were cazried out, the fac tor  necessary 

t o  obtain the proper iron value for the FeS2 relative t o  pure Fe 

w a s  then used t o  correct the Mn, C r ,  and Fe values in their 

respective sulf ides  re la t ive  t o  the pure metal standards. 
' In  the course of the analysis of the new mineral s ino i te  

(SizNZO) discovered in t h i s  meteorite by electroa microprobe analysis, 

nitrogen and oxygen were measured for the first time using the  

prototype detection systems developed at the Hasler Research Center 

employing an u l t ra th in  window detector and analyzing crys ta l s  of 

large d spacings. Oxygen (OK,) was measured quantitatively 

using a KAP (potassium acid phthalate) c rys t a l  spectrometer, while 

nitrogen ( N k )  w a s  measured with the a id  of a barium stearate  

monolayer c rys t a l  spectrometer. The detector w a s  f i t t e d  w i t h  an 

u l t r a th in  nitrocellulose window and was used fo r  both OK, and N K ~  

radiat ions.  

oqgen  were performed by traversing the  mineral grains with point- 

by-poiot integrations.  Tnis technique, a l so  used for the analyses 

of t he  other minerals i n  the meteorite, w a s  accomplished with a 

The quantitative analyses of s i l icon,  nitrogen, and 
- - 

precision stepping motor which stepped the sample i n  3 micron 

intervals under a stationary electron beam. 

The above mentioned corrections were applied t o  correct the 

S i ,  N, and 0 values of the s ino i te .  It w a s  found, however, t h a t  

there w a s  no measurable wavelength s h i f t  between mineral and 
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standards. The numbers f o r  s i l icon,  nitrogen, and oxygen obtained 

with 5 kv acceleration voltages were corrected f o r  mass absorption 

by means of the experimental f ( X )  c u r v e s  given by GREEN (1962). 

The C& curve w a s  used t o  correct the oxygen and nitrogen, while 

the  A ~ K ~  curve w a s  used t o  correct the s i l icon.  

coefficents were taken from HENKE e t  a l .  (1957). The secondary 

fluorescence correction of N K ~ ,  calculated w i t h  l J l T l 3 Y .  1s (1962) 

formulas, w a s  found t o  be insignificant.  The atomic number e f fec t  

w a s  corrected i n  the following way. 

of the mineral obtained w i t h  3 kv accelerating voltages were compared 

w i t h  s i l i con  and oxygen measurements of the surrounding ens t a t i t e ,  

which is almost pure MgSi03. The values obtained by measuring 

ens t a t i t e  were then compared t o  the s i l i con  and oxygen numbers 

The mass absorption 

The s i l icon  and oxygen numbers 

measured on quartz of constant composition. The correction fac tors  

necessary t o  obtain the  proper s i l icon and oxygen values f o r  SiO2, 

w i t h  ens t a t i t e  as a standard, were then calculated after a l l  the 

aforementioned corrections had been applied. These same fac tors  

were then used t o  correct the s i l icon and oxygen data of the mineral 

on the  assumption t h a t  the atomic number e f fec t  f o r  Si2N20 and 

Si02 i s  similar. 

~ 

The precision of the measurements w a s  found t o  be about 

1 per cent of the amounts present. 

qual i ty  of the standards and i s  about 2 t o  3 per cent of the 

amounts present. 

is  about 10 per cent, while the accuracy i s  probably not be t t e r  than 

The' accuracy depends upon the 

The precision of the nitrogen and oxygen values 
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15 per cent of the amounts present, owing t o  the  uncertainties i n  

the mass absorption coefficients and the  

wavelength. 

f ( X )  curves f o r  the long 

RFSULTS 

Enstat i t e  

The orthorhombic pyroxene ens ta t i te  i s  the most abgndant 

mineral of the meteorite and makes up about 30-60 weight per cent 

of it. It i s  eas i ly  recognizable under the electron beam by i t s  

bright blue luminescence. 

(Table 1) and, thus,  is  nearly pure magnesium orthosi l icate .  

sometimes occurs i n  euhedral crystals  up t o  about 80 microns i n  

length (Fig. '  13). 

It contains only 0.436 Fe and 0.52$ Ca 

It 1 
i 

I 

1 
Pigeonite 

\ J .  

A pyroxene with higher calcium and iron contents is  frequently 
~ 

observed on the boundaries between ens ta t i te  grains (Fig. 1). 

composition was determined by moving the  sample in 2 micron steps 

under a fixed electron beam across the grain boundaries and measuring 

the  composition quantitatively after each s tep.  

distance diagram i s  shown in  Fig. 2 . )  

and 1.3% Fe (Table 1); thus, it is  properly named pigeonite. 

Its 

( A  concentration- 
I 

The pyroxene contains 4.2$ Ca 

I 
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The meteorite contains about 10 per cent plagioclase. In 

polished sections t h i s  mineral is easi ly  distinguished from 

ens t a t i t e  by i ts  lower r e f l ec t iv i ty  (Fig.  4), and by i t s  reddish 

luminescence under electron bombardment. 

found t o  contain 2.2% Ca (Table 1) and thus may properly be 

named oligoclase. It occurs in grains up t o  about 200 microns in 

diameter (Figs. 1, 4, and 6 ) .  

the iron content of the  feldspar.  Inclusion-free feldspar grains 

were selected opt ical ly  as well as by using electron beam scanning 

images of up t o  2000 times magnification. 

determined i n  these grains and found t o  be 0.15 per cent. 

The plagioclase was 

Special care was taken t o  determine 

The iron content w a s  

Kamac it e 

About 20 per cent of the meteorite is  metallic nickel-iron 

with an average-nickel content of 5.87 per cent (Table 1). A 

remarkable feature  of t h i s  kamacite i s  i t s  s i l icon  content of 

0.95 per cent (Table 1; Figs. 1 and 11). The presence of s i l i con  

+--e km~if- ?.?s-c firs+, ~ c t e a  %y ~ ~ 1 ~ 2  (1916) ~2 t h e  aAzirpG 

e n s t a t i t e  chondrite. Similar amounts of s i l i con  have been detected 

i n  other ens t a t i t e  chondrites by RINGWOOD (1961) . 
the  sulf ides  (Fig. 1) the kamacite occurs in xenomorphic grains 

t h a t  f i l l  the  spaces between the s i l i ca t e s  (Fig. 4). 

instances, euhedral ens t a t i t e  crystals  are  surrounded by kamacite, 

Together with 

In some 
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the  ens t a t i t e  then obtrudes i t s  euhedral outl ines upon the  kamacite 

(Fig. 1 3 ) .  

crystal l ized last. 

Graphite is  character is t ical ly  associated with the kamacite , 

Therefore, the kamacite can be considered t o  have 

both i n  euhedral graphite c rys ta l s  (Figs.  12 and 13) as well  

as i n  xenomorphic f lakes  enclosed i n  the  kamacite (Fig. 11). 

sinoi te  ( Si2N20) has occasionally been observed associated with 

the metal (Figs.  15 and 16) . 

Also, 

A s  yet  unexplained is  the f a c t  t ha t  the electron microprobe 

analyses of the  kamacite do not add up t o  100 per cent. 

percentages of Fe, N i ,  Co, and S i  give only 98.69 per cent (Table 1); 

however, a large number of previous analyses of metallic nickel- 

i ron w i t h  the  same electron probe, same standards, and similar 

working conditions (KEIL and FREDRIKSSON, 1963; SHORT and 

AIDEXSEN, 1964) always were very close t o  100 per cent. The 

deviations from 100 per cent therefore seem not t o  be due t o  

erroneous analyses. The only plausible explanation seems t o  be 

t h a t  about 1 t o  1.5 per cent of some other elements are present. A 

qual i ta t ive spectrum taken on the kamacite showed no other elements 

present with atomic numbers 

i n  mounts greater than about 0.1 per cent.  

checked f o r  elements with atomic numbers 

f luor ine)  but no such elements were detected. 

t i v i t y  f o r  these l i gh t  elements i n  a metall ic nickel-iron matrix 

The weight 

Z = 11 - 92 (sodium through uranium) 

The kamacite w a s  a l so  

Z = 5 - 9 (boron through 

However, the sensi- 
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(high background) is low and possibly only amountg greater than a 

f e w  per cent would have been seen. Therefore, it seems possible 

that the  kamacite may contain about 1 - 1.5 per cent of some light 

elements in  sol id  solution. 
-v.i . 

Troi l i te  

About 5 per cent of the meteorite i s  t r o i l i t e  (FeS) ._ The 

mineral occurs i n  xenomorphic grains frequently associated with 

metallic nickel-iron (Fig. 1). 

lamellae of daubreelite and f e r ro  alabandite (Figs.  1, 3, and 8-10). 

It usually exhibits exsolution 

Sometimes t r o i l i t e  grains are surrounded by a th in  ( -5  microns) rim 

of oldhamite (Fig. 6). 

The chemical composition of the mineral i s  given in Table 1. 

It w a s  found t o  contain 0.69 per cent titanium ana 0.65 per cent 

chromium. 

(Figs. 1 and 3) .  

noted in t r o i l i t e s  from the Norton County achondrite (KEIL and 

FREDRIKSSON,. 1963). 

This i s  i l lus t ra ted  in  electron beam scanning images 

The chalcophilic behavior of titanium w a s  f irst  

'Systematic study of other ens ta t i te  chondrites 

and ens t a t i t e  achondrites always revealed the presence of t h i s  

element i n  the t r o i l i t e  (KEIL  and ANDERSEN, l964b,c). 

The chromium content of the t r o i l i t e  i s  intere'sting and agrees 

with the  r e su l t s  of VOGEL and HEUMANN (1950) on the Fe-FeS-CrS-Cr 

phase diagram. These authors pointed out tha t  whenever t r o i l i t e  i s  

the  parent substance f o r  the (now exsolved) daubreelite, the t r o i l i t e  

should re ta in  a small amount of chromium. 
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Oldhamite 

The mineral oldhamite (Cas) was discovered by STORY-MASKELYNE 

(1862, 1870) i n  the Bustee ens ta t i te  achondrite and has since been 

described from several  other ens ta t i te  achondrites and ens t a t i t e  

chosdrites. 

found i n  i r regular ly  shaped grains up t o  about l5O microns in size. 

i n  the Ja jh  deh Kot Lalu ens t a t i t e  chondrite it was 

While the other sulf ides  are rather homogeneously dis t r ibuted 

throughout the meteorite, the  oidhamite i s  highly enriched in 

cer ta in  regions. 

r i c h  region. 

Figure 4 i s  a microphotograph of such an oldhamite 

Tro i l i t e ,  daubreelite, and fe r ro  alabandite, the other three 

sulf ides  occurring i n  the Ja jh  deh Kot Ia lu  ens t a t i t e  chondrite, 

a re  closely associated i n  t h i s  meteorite (Figs. 1, 3, and 8-10). 

The main mass of the oldhamite, however, i s  usually separated from 

these minerals (Fig. 4 ) .  

with the other sulfides it forms individual grains (Figs.  1 and 4 ) .  

h the  sections investigated the oldhamite has never been observed 

Where the oldhamite i s  found i n  contact 

as exsolution lamellae i n  t r o i l i t e .  

riaxhreelite v i t h  c c x  t r o i l i t e  IiSS beeil iiuserveo i n  an oldhamite 

grain (Fig. 5 ) .  

(-5 microns) surrounding larger t r o i l i t e  grains (Fig. 6 ) .  

Only once a "lame1k" of 

Rarely, oldhamite w a s  found as a th in  rim 

The chemical composition of the oldhamite i s  given in 

Table 1 and i l l u s t r a t ed  i n  several electron beam scanning 
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images (Figs.  1 and 7 ) .  

and sulfur, it contains 0.51% Yg, 1.01% Mn, and 0.44s Fe. 

Besides the two major elements, calcium 

Daub r e  e lit e 

Daubreelite (FeCrZS4) has been discovered by SMITH (1876) 

i n  the Coahuila iron meteorite and was l a t e r  described from a number 

of other irons, par t icular ly  hexahedrites (e.g., HEIDE e t  al., 1932; 

PERRY, 1944). 

associated w i t h  t r o i l i t e .  ?"ne Hvit t is  ens t a t i t e  chondrite w a s  the  

f irst  stone meteorite where the mineral w a s  observed ( BOXGSTR~M, 

1903). 

ens t a t i t e  chondrites and ens t a t i t e  achondrites ( e  .g., RAMDOHR, 

In iron meteorites it i s  always found closely 

Since then it has been described from several  other 

1963; KEIL ana FREDRIXSSON, 1963). 

I n  the Ja jh  deh Kot Lalu ens ta t i te  chondrite the daubreelite 

occurs as exsolution lamellae in  the t r o i l i t e .  ?"ne diameter of 

these lamellae may vary from a few microns t o  more than 100 microns, 

even within a s-ingle t r o i l i t e  grain (Figs. 1, 3, and 8-10). 

ens t a t i t e  chondrites . the daubreelite generally is  very closely 

associated with the t r o i l i t e .  

in ens t a t i t e  achondrites, where it is found in  isolated individual 

grains usually without association to  t r o i l i t e .  

In 

This i s  contrary t o  i t s  occurreme 

The daubreelite in the Jajh deh Kot Lalu ens t a t i t e  chondrite 

was found t o  contain 16.5% Fe, 3'3.3$ C r ,  44.4% S, and in  addition, 

the  minor elements of 2.38% Mn and 0.05% T i  (Table 1). 



Ferro Alabandite 

A maganese sulfide with a considerable iron content (no analysis 

given) w a s  f i r s t  described from the metall ic iron bearing basal t  f r o m  

B i h l  near Kassel, Germany (RAMDOm, 1932). 

a pyrrhotite inclusion of the phonolite from Fohberg near Oberschaff- 

hausen, Gemany (RAMDOHR, 1957) and w a s  named "Eisenalabandin" 

( f e r ro  alabandite) . 

It w a s  l a t e r  found i n  

The chemical composition of the manganese-iron sulfide found in 

the Jajh deh Kot Lalu ens t a t i t e  chondrite suggests i t s  ident i ty  with 

f e r ro  alabandite. 

37.4s S, and minor amounts of A& (2.15 per cent) ,  C a  (0.20 per cent ) ,  

and C r  (0.53 per cent) (Table 1). 

mineral i s  different  from the ferromgnesian alabandite discovered 

i n  the Norton County achondrite (KEIL and FREDRIKSSON, 1963), 

which contains considerably more Mg (10 per cent) and somewhat 

It was found t o  contain 45.8s Mn, 11.76 Fe, 

Thus, the composition of t h i s  

more Fe (15.2 per cent) . 
"he fe r ro  alabandite of the present meteorite occurs i n  

exsolution lamellae (Fig. 9) and cigar shaped bodies (Fig. 10) i n  

the  t r o i l i t e .  This i s  contrary t o  the appearance of the f e r r n -  

magnesian alabandite in  the Norton County enstat  i t e  achondrite, 

where it occurs in  grains isolated from t r o i l i t e .  The f e r ro  

alabandite exsolution lamellae in the t r o i l i t e  of the Jajh deh Kot 

Lalu e n s t a t i t e  chondrite are  always pa ra l l e l  t o  the daubreelite 

exsolution lamellae (Figs. 1, 3, and 8-10). 

---n". 



- 15 - 

Graphite 

Graphite has been observed i n  two types in  the meteorite, both 

of them being associated with the metallic nickel-iron. 

occ.urs in xenomorphic f lakes  i n  the metall ic nickel-iron (Fig. 11). 

The xenomorphic type is  quite abundant and has been observed i n  

One type 

many nickel-iron grains.  The second type w a s  observed in only one 

example and resembles w h a t  has been described i n  t h e  l i t e r a tu re  as 

c l i f t o n i t e .  

c rys ta l s  occasionally found i n  iron meteorites may be pseudomorphs 

As ear ly  as 1863 ROSE suggested t h a t  the cubical graphite 

of graphite a f t e r  diamond, a point of view that ,has been supported 

by many students of meteorites, although it has not j e t  been proven. 

So far, these pseudomorphs have only been observed in iron meteorites, 

although MDORR (1963) described well-orientated lamellar aggregates 

of graphite from the Indarch ens ta t i te  chondrite, which he interprets  

as possible pseudomorphs a f t e r  some cubic mineral. The occurrence of 

c l i f t o n i t e  i n  an ens t a t i t e  chondrite would be quite s ig i i f i can t  with 

regard t o  the pressure his tory of the rock. 

at  one t i n e  diamond may have been formed i n  it. 

It would indicate t h a t  

Although the graphite 

in  i t s  external shape the typ ica l  c l i f t on i t e  pseudomorphs from 

iron meteorites, i t s  c l i f t o n i t e  natwe kas been questioned by , 

Frondel (private communication). Frondel pointed out t ha t  the ! 

I 
I 

c l i f t o n i t e s  from iron meteorites are always characterized by typica l  

preferred orientation of the graphite result ing i n  very def in i te  
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sectors w i t h  d i f fe ren t  op t ica l  orientations due t o  ref lect ion 

dichroism and ref lect ion birefringence. The c rys t a l  shown i n  

Fig. 13 i s  also optical ly  anisotropic in reflected l igh t  with 

symmetrical extinction but without sectors of different  , 

orientat  ion. 

The chemical composition of the graphite in the Jajh deh Kot 

Lalu ens t a t i t e  chondrite determined by electron microprobe analysis 

using newly developed carbon detection systems w a s  found t o  be 

essent ia l ly  10% C (Table 1). 

Schre ibers i te  

Schreibersite i s  an accessory mineral i n  the meteorite and 

i s  usually associated with metallic nickel-iron. 

found i n  large grains up t o  300 xicrons i n  diameter (Fig. 14). 

it w a s  noted as a t h i n  ria around kamacite grains. 

contain 62.4% Fe, 22.4% N i ,  13.4% P, and O.3@ Co. 

It w a s  occasionally 

Also 

It w a s  found t o  

Sinoite 

In  the course of the electron microprobe study of the Jajh deh 

Kot Lalu ens t a t i t e  chondrite a new mineral, a silicon-nitrogen-oxygen 

coqound, w a s  discovered (KEIL and ANDERSZN, 1964a). 

oxygen and nitrogen detection systems were successfully applied 

Newly developed 

t o  ascer ta in  i t s  composition with the electron pfobe. The r e su l t s  
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of the quantitative microprobe analyses indicated a coapund close 

t o  Si2N20 i n  composition (Table 2) .  

account of synthetic Si2N20 w a s  published by BROSSET and IDRESTEDT 

(1964). 

Almost simultaneously an 

These authors prepared the  compound by heating a mixture 

I of s i l i con  and quartz powder i n  an  atmosphere of nitrogen at  1450° C 

and found it t o  be orthorhombic w i t h  c e l l  dimensions 

b - = 5.473 A; 

from the Ja jh  deh Kot Lalu ens ta t i te  chondrite was therefore 

separated f o r  X-ray diffract ion and crys ta l  optics studies and 

compared with data  obtained from t h e  synthetic Si2N20. The com- 

g = 8.843 A; 

= 4.835 A. The silicon-nitrogen-oxygen compound 

pound from the Ja jh  deh Kot Lalu ens ta t i te  chondrite and the  synthetic 

Si2N20 were found t o  be pract ical ly  ident ical  (ANDERSEN e t  al., 1964). 

The nme s inoi te  i s  proposed f o r  the s i l i con  o r n i t r i d e  occurring 

as a na tura l  mineral i n  the meteorite, t h i s  nitme being d i r ec t ly  

derived from i t s  chemical composition. 

Sinoite occurs i n  la th- l ike crystals  up t o  about 200 microns 

i n  length, both i n  the s i l i c a t e  matrix of the meteorite as well  as 

associated with metallic nickel-iron (Figs. 15 and 16).  

l a t t e r  case the s inoi te  often obtrudes i t s  shape upon the metall ic 

nickel-iron. 

birefringence and higher refract ive indices than the surrounding 

ens t a t i t e .  In polished sections it appears l igh t  gray and i s  

d i s t i n c t l y  different  from the ens ta t i te  (Fig. 15). 

In the  

Y., . 

In th in  sections the mineral i s  colorless with high 
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During the electron microprobe analyses the exact position of 

the impingement of the electron beam on the mineral was observed as 

a distinctive greenish-yellow luminescence. B e  chemical composi- 

t i on  of the mineral obtained by means of electron microprobe analysis 

is  given i n  Table 2 i n  comparison t o  theore t ica l  Si2N20. The sili- 

con values agree well, however, there i s  a s l igh t  difference i n  the 

oxygen and nitrogen values between sinoite and theore t ica l  Si2N20. 

. These differences may i n  part  be due t o  the uncertainties i n  the 

oxygen and nitrogen measurements (accuracy tl5 per cent of the amount 

present).  Zowever, the f a c t  tha t  the nitrogen value i s  higher and 

the oxygen value i s  lower in  the sinoite i n  comparison t o  theoret-  

i c a l  Si2N20 seems t o  suggest t ha t  the mineral may not have exactly 

stoichiometric composition but may rea l ly  be somewhat r icher  in 

nitrogen and poorer i n  oxygen. 

The quantitative chemical composition of the mineral w a s  obtained 
-,e.. . by moving the polished section in steps of 3 microns under a stationary 

electron beam and carrying out quantitative malyses a f t e r  every 

step. An example of such a one-dirnensional chemical prof i le  is  

given i n  Fig. 17. It was taken along t rack B of Fig. 16. In  t h i s  

prof i le  two separate traverses were made, one giving simultaneous 

analyses of s i l i con  and nitrogen, and the  other giving simultaneous 

analyses of s i l i con  and oqgen. The same l ine  of traverse w a s  

attempted on both runs. On a micron scale,  however, duplication of 

exactly the same point of integration i s  extremely d i f f i cu l t .  This 

i s  indicated i n  Fig. 17 by the s l ight  differences i n  the two s i l icon  

prof i les .  This a lso accounts f o r  the f a c t  t ha t  the s i l icon,  
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nitrogen, and oxygen numbers obtained i n  the two d i f fe ren t  runs do 

not always add up t o  100 per cent. 

taken on several other grains with essent ia l ly  the same resu l t s .  

The following conclusions may be drawn from Fig. 17: 

SLxilar t raverses  have been 

a. It i s  apparent t ha t  the composition of the grain away 

from the grain boundaries is, on a micron scale, ra ther  

homogeneous and variations are usually within the preci- 

sion of the method as indicated by the 20 values. 

This w a s  a l so  observed in all the other grains of the 

mineral analyzed. This i s  par t icular ly  demonstrated by 

the only slight variations i n  the s i l i con  values. In 

addition, the average s i l icon,  nitrogen, and oxygen values 

f o r  these regions i n  different grains agree w e l l  Within 

the precision of the metho<. Not too much should be 

read into the various minor  f luctuations of the  nitrogen 

and oxygen values i n  areas with almost constant s i l i con  

contents. Such things as surface i r r egu la r i t i e s  and 

r e l i e f  may bossibly influence the long wavelength 

considerably. 

b. In some instances the fluctuations of the s i l icon,  nitrogen, 

and oxygen values c lear ly  exceed the precision of the method, 

which i s  i l l u s t r a t ed  by the 20 values in Fig. 17. A 

decrease i n  the s i l icon and nitrogen values sometimes 

para l le l s  an increase i n  the oxygen (ANDEREEN e t  al. ,  

1964). The ident i ty  of the apparently s i l icon-  and 
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nitrogen-poor and oxygen-rich phase i s  unknown except t h a t  

ens t a t i t e  (MgSiO3) has been eliminated as a r e su l t  of the 

ebsence of  magnesium. 

There seems t o  be a tendency of a s l igh t  enrichment of 

oxygen toward the grain boundaries of the mineral. 

c& be seen i n  the O l ( ~ r  image of Fig. 16. 

observations have been made on other grains (ANDERSEN e t  al.,  

Further work i s  in progress. 

c. 

This 

Similar 

1964). 

The mineral has been separated from the meteorite f o r  fur ther  

studies by crushing a ?-gram piece of, the stone and fractionating 

the powder i n  methylene-iodine-acetone mixtures of different  densi- 

t i e s  (ANDERSEN e t  al . ,  1964). Sinoite w a s  found t o  be concentrated 

i n  the 2.80 - 2.85 density fraction. This indicates t ha t  i t s  

density is  close t o  t ha t  calculated for Si2N20. 

indices were measured by the imersion method and found t o  be 

a = 1.740, 7 = 1.855 (mean refractive index of synthetic Si2N20 = 1.79). 

The refract ive 

The closeness of 

negative. 

t i o n  patterns were taken of s inoi te  and found t o  be identical  

with those obtained from synthetic Si2N20. 

ences i n  the in t ens i t i e s  of certain X-ray d i f f rac t ion  l ines  in 

s ino i t e  and synthetic Si2N20 may indicate tha t  the s inoi te  is not 

exactly stoichiometric Si2N20, but, in  agreement with the microprobe 

analyses, somewhat r icher  in nitrogen, poorer i n  oxygen. 

7 and p indicates t ha t  the mineral is opt ical ly  

The crys ta l s  are  length-slow, i .e. ,  7 = e. X-ray diffrac-  

However, slight d i f fe r -  



DISCUSSIOK 

The rather  unusual mineral assemblage of the Ja jh  deh Kot Lalu 

ens ta t i te  chondrite and the composition of these minerals indicates 

t h a t  the  meteorite w a s  formed under ekrernely reducing conditions. 

This i s  suggested by t h e  low ferrous iron content (0.45 per cent) 

of t h e  e n s t a t i t e  i n  the  presence of some 20 per cent metallic 

nickel-iron as well  as in  the  absence of the oxygen richer Fe-Mg 

s i l i c a t e  olivine.  The high degree of reduction i s  also apparent 

i n  the  chalophilic tendencies exhibited by elements of ordinarily 

l i thophi l ic  character, such as Ti, Cr, Mn, Yg, and C a ,  as w e l l  as 

by the  occurrence of S i  i n  solid solution i n  t h e  metallic nickel- 

iron. 

i n  the  meteorite fur ther  indicates tha t  there was not sufficient 

oxygen available t o  bind a l l  the excess s i l icon as Si02. 

The occurrence of sinoite ( Si2N20) together with tridymite* 

The occurrence of the  new mineral sinoite (Si2N20) seems t o  

be of >ar t icular  significance for the specific and extraordinary 

environment in which t h i s  rock was formed. Unfortunately there are 

no thermodynamic data available on Ynis compound. A discussion of 

i t s  conditions of formation i s  therefore limited at  the present time. 

The compound has been synthesized by heating a s i l icon and quartz 

powder i n  a nitrogen atnosphere at 1450' C (BROSSET and IDRESTEDT, 1964). 

Qidymite w a s  not observed i n  t h i s  specimen of Jajh deh Kot Lalu 

but w a s  ident i f ied by X-ray diffraction and crys ta l  optics studies 

carried out by B. Mason on crushed and density separated fract ions of 

other specimens of the same meteorite (AIDERSEN e t  a l . ,  1964). 
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It seems possible t h a t  the  compound in the meteorite may 

have formed in  a similar process from Si02 i n  a highly reducing 

environment, where nitrogen w a s  available. 

O f  particular significance is  the similari ty in the  mineralogy 

of ens ta t i te  chondrites and ens ta t i te  achondrites. The chemical- 

mineralogical relationships between these two groups w i l l  be 

discussed i n  more d e t a i l  elsewhere (KEIL and ANDERSEN,. 196kb,c). 

However, some of the  relationships tha t  became apparent in the  

present study w i l l  be discussed briefly.  

It w a s  suggested by RINGWOOD (1961), MASON (1962), LOVERING 

(1962), KEIL ana FREDRIKSSON (1963), MORGAN ana LOVERING (i964), 

and others that ens ta t i te  achondrites may have been derived v i a  

remelting of ens ta t i te  chondrite type stones with simultaneous 

gravi ta t ional  separation under highly reducing conditions. 

suggestion is supported by the  resu l t s  of the present study. 

This 

The two.meteorite groups are quite different  i n  t h e i r  bulk 

chemical compositions; these differences being largely due t o  the  

loss of Fe, N i ,  and’s i n  the ens ta t i te  achondrites in comparison 

t o  ens t a t i t e  chondrites. This can be interpreted by gravi ta t ional  - * *  

separation of most of the metallic nickel-iron, t r o i l i t e ,  and the  

other sulfides from the ens ta t i te  chondrite type parent material. 

However, the mineralogy of the  two groups is quite similar, 

although there are considerable differences in the amounts of the 

heavy minerals as w e l l  as in  the textures of the  two groups. Both 



- 23 - 

contain the sane minerals, among them rare  compounds like f e r ro  

alabandite, daubreelite, oldhamite, e t c  . Even nitrogen compounds 

are present in both types (812N20 In the Jajh deh Kat Lslu cnefatlte 

chondrite, TiN in  the Bustee ens ta t i te  achondrite). Textural and 

s t ruc tu ra l  differences may be interpreted i n  the l igh t  of the above 

mentioned hypothesis. 

dark, dense rocks with or  without chondrules, t he  ens t a t i t e  

achondrites are coarse grained and light i n  color. 

While the ens ta t i te  chondrites are usually 

In the ens t a t i t e  

chondrites daubreelite and fe r ro  alabandite often form exsolution 

lamklae in the t r o i l i t e ,  while in the ens t a t i t e  achonrites these 

minerals occur i n  individual grains frequently separated from 
.-.- 

each other. 

The highly reducing environment is character is t ic  of both 

groups. 

l i t e .  The ens t a t i t e  chondrites have t r o i l i t e  with about 0.e T i  

without much var ia t ion from grain t o  grain and from meteorite t o  

meteorite. I n  the ens t a t i t e  achondrites, however, the T i  content 

var ies  from grain t o  grain and frequently exceed several per cent. 

This ef fec t  may be due t o  progressive enrichment of T i  in the irm 

suz”13t: remaining i n  the achondrites during the course of the 

Part icular ly  significant are the T i  contents of the t r o i -  

- . - -_ 

gravi ta t ional  separation under highly reducing conditions (KEIL 

and ANDF3SEN, 1$4b,c). 

occurred under highly reducing conditions is fur ther  indicated by 

the  low nickel  contents of the kamacite in ens t a t i t e  achondrites 

That the gravitational separation 
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( -3.3 per cent)  compared t o  the  higher nickel content i n  the metal 

of ens t a t i t e  chondrites (-6 per cent). This difference may be due 

t o  a reduction of the minor amounts of divalent Iron, known to be 

present i n  s i l i c a t e s  of ens t a t i t e  chondrites, t o  the metal phase 

in the process of remelting (KEIL and FREDRIKSSON, 1963). 

considerable amounts of graphite present in ens t a t i t e  chondrites 

and its apparent absence i n  ens t a t i t e  achondrites seem-to indicate 

t h a t  the graphite (among others) may have acted as  a reducing agent 

in the process of remelting the ens ta t i te  chondrite material and 

thus w a s  l o s t .  

The 

- 

However , the problem of crystal l izat ion of ens t a t i t e  d i r ec t ly  

from a m e l t  of approximately ens ta t i te  composition remains still 

unsolved (FOSHAG, 1940). 

Systematic electron microprobe studies of the other ens t a t i t e  

chondrites and ens t a t i t e  achondrites are presently in progress and 

w i l l  be reported elsewhere. 
. . 
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Table 2.- Composition of s i l icon o m i t r i d e  from the  Jajh deh 

Kot Lalu ens ta t i te  chondrite as  obtained by electron 

microprobs techniquee ( 5  W )  in compaslfeon to theoreLica1 

Si&O (weight per cent). 

Silicon oxynitride 
Element from Jajh deh theoret ical  

K o t  Lalu compos it ion 

I si I 56.6 

I I I 1 

I 

-.. -- ... 
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FIGURE CAPTIONS 

Fig. l (a )  .- Jz jh  deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures  of complex mineral assemblage (Tr - t r o i l i t e ,  

Daub. - daubreelite, Old - oldhamite, Fe alab - f e r r o  alabandite, 

NiFe - metall ic nickel-iron, En - ens ta t i te ,  Pig - pigeonite, 

Olig - oligoclase, A t o  D are tracks of quantitative analyses). 

The BSE (backscattered electron) image is  a measure of the 

average atomic number ( the brighter the image, the higher the 

average atomic number) and reveals surface i r regular i t ies .  

Pictures mrked Fe, N i ,  Si ,  and T i  were taken using the  Ka 

wavelengths of these elements. The S i  content of the  metall ic 

nickel-iron and the T i  content of the  t r o i l i t e  are remarkable 

(continues with Fig. l ( b ) ) .  

Fig. l ( b )  .- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures  of complex mineral assemblage (sane area as i n  

Fig. l ( a ) ) .  -P ic tu re s  marked Mn, Mg, C r ,  A l ,  Ca ,  and S’were 

taken with the Ka wavelengths of these elements. 

recognized by i t s  high Al content; the daubreelite ( C r  image) 

does not conia& K .  m-- -------+ 

i s  due t o  fourth-order C r ~ p  radiation. 

between ens t a t i t e  and NiFe is  recognized in the  C a  image. 

Oligoclase is 

W r .  

A u t :  appcucu” ecXl%e2% k t h e  42 b z g e  

A t h i n  rim of pigeonite 

The 

f e r r o  alabandite is  characterized by i ts  high Mn content. 
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Fig. 2.- Jajh deh Kot Lalu ens ta t i te  chondrite. Quantitative Fe, 

Ca ,  and Mg analyses along t rack B of Fig. l (a) (corrected 

weight per cent) .  The analyses were carried out by moving the 

sample i n  2 micron steps under a fixed-electron beam and inte- 

grating after each step. 

from metall ic nickel-iron (high Fe) over a small oldhamite 

The measurements were taken coming 

grain ( C a  - peak) into pigeonite (IQ - peak) and again.-into 

oldhamite (high C a ) .  

Table 1) was obtained by evaluating several of these tracks. 

The pigeonite composition (shown in 

Fig. 3 . -  Ja jh  deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures of titanium bearing t r o i l i t e  with f e r r o  

alabandite and daubreelite exsolution lamellae. BSE is back- 

scattered electron image. Fe, Cr, Mn, s, and T i  are  pictures 

taken with the K a  wavelengths of these elements. The daubreelite 

i s  recognized by its C r  content, the f e r ro  alabandite by i t s  Mn 

content. The homogeneous dis t r ibut ion of the T i  in the t r o i l i t e  

is  apparent. 

corner of BSE image) and ens ta t i te  (black in BSE image) are 

- 
~ 

Some nickel-iron (very bright image, upper right 

present. 

Fig. 4. - Ja jh  deh Kot Lalu ens t a t i t e  chondrite Polished section, 

ref lected l igh t .  Photomicrograph of oldhamite r i c h  area. 

Oldhamite (gray grains with high r e l i e f )  ; nickel-iron (white) ; 

t r o i l i t e  ( l i gh t  gray, together with nickel-iron) ; ens t a t i t e  

(gray m a i n  matrix); f e u s p a r  (deep dark areas in ens t a t i t e  

matrix). 

i 
? 
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Fig. 5.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Polished section, 

ref lected l igh t .  

high relief) with bands of daubreelite (light gray) and 

t r o i l i t e  (white ) . 

Photomicrograph of oldhamite (center , gray, 

Several other oldhamite grains (upper r igh t  

corner, and center, near the edge) and t r o i l i t e  grains ( l i gh t  

gray) are  a l so  shown. Dark gray matrix is  ens ta t i te .  

Fig. 6.- Ja jh  deh Kot Ia lu  ens ta t i te  chondrite. Electron beam 

scanning pictures  of t r o i l i t e  with r i m  of oldhamite. BSE is  

backscattered electron image. 

and %a are  pictures  taken i n  the Ka wavelengths of these 

elements. 

Cak ,  A ~ K ~ ,  b3u, SiKa, Mg&, 

The t h i n  rim (-4 microns) of oldhamite around t r o i l i t e  

i s  recognized in the  C a k  and & images. 

the  BSE image and shows up in the 

Tcoi l i te  i s  white i n  

image. Feldspar is  

characterized by i t s  C a  and Al contents. The lower part of 

the  picture is  ens ta t i te ,  characterized by i ts  Mg, Si,  and 0 

contents. 

developed dispersive detection systems. 

The OKu image w a s  taken using prototypes of newly 

Fig. 7.- Jajh deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures  of oldhamite in an ens t a t i t e  matrix. BSE is 

backscattered clscti-oii *e. Cay Mn, S, Fey and Mg are pictures 

taken with the  Ku wavelengths of these elements. 

of the oldhamite grain are shown i n  the BSE, C a y  Mn, and S 

images. 

cracks. Areas with high Mg contents are ens ta t i te .  The bright 

The outlines 

The dark l ines  i n  the BSE image of the oldhamite are 

areas in the Fe image are  t r o i l i t e  and nickel-iron. 
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Fig. 8.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Polished section, 

ref lected l i gh t  . Photomicrograph of t r o i l i t e  (main mass) with 

aaubreelite exsolution lamellae (light gray) of various thick- 

nesses. Dark matrix is ens ta t i te .  

Fig. 9.- Jajh deh Kbt Lalu ens ta t i te  chondrite. Polished section, 

ref lected l i gh t .  

ferro alabandite (dark gray) and daubreelite '( light,--gray) 

exsolution lamellae pa ra l l e l  t o  each other. 

nickel-iron (upper l e f t  corner and lower edge). 

Photomicrograph of t r o i l i t e  ( m a i n  mass) with 

k i t e  i s  metallic 

Dark matrix 

i s  ens ta t i te .  

Fig. 10.- Jajh deh Kot Lalu ens ta t i te  chondrite. Polished section, 

ref lected l ight.  Photomicrograph of t r o i l i t e  (main mass) with 

daubreelite (light gray) and cigar shaped bodies of f e r ro  

alabandite (dark gray) associated with it. 

i s  ens t a t i t e  (dark).  

Surrounding matrix 

Fig. 11.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures of graphite flakes enclosed i n  metallic 

nickel-iron. BSE' i s  backscattered electron image. C, Fe, Si, 

and S are pictures taken i n  the Ka wavelengths of these elements. 

The graphite f lakes  are  recognized in  the  C image. The CK, image 

w a s  taken using newly developed barium stearate  pseudocrystal 

detection systems. The metallic nickel-iron is  bright in the  

BSE image and contains some Si  ( S i  image). 

adjacent t o  the  n e t a l l i c  nickel-iron ( S  image), but does not 

Sone t r o i l i t e  occurs 

contain graphite. '&e m t r i c  surrounding the  metallic nickel-iron 

and t r o i l i t e  (dark in BSE) i s  ens ta t i te  and feldspar,  respectively. 
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Fig. 12.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures  of ( pseudomorph? ) graphite associated with 

x e t a l l i c  nickel-iron and t r o i l i t e  in  an ens t a t i t e  and feldspar 

matrix. BSE is  backscattered electron image. C,  Fe, and S i  are 

pictures  taken i n  the Xa wavelengths of these elements& In BSE 

the  graphite is  black, nickel-iron and t r o i l i t e  are white, and 

ens t a t i t e  and feldspar show intermediate in tens i t ies .  .. The 

graphite is  recognized in the C image. The CK, image w a s  taken 

using newly developed barium stearate  pseudocrystal detection 

systems. 

i n  the lower lef t  corner of the Fe image due t o  higher Fe 

Metallic nickel-iron and t r o i l i t e  are  distinguished 

in t ens i t i e s  on the nickel-iron. 

is bright i n  the  S i  image. 

The ens t a t i t e  and feldspar matrix 

Fig. l3(a) .- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Polished section, 

ref lected l ight.  Photomicrograph of graphite (cf . Fig. 12) , 
possibly a pseudomorph after a cubic mineral (center,  gray) 

associated with nickel-iron and . t r o i l i t e  (white) in ens t a t i t e  
~ 

and feldspar matrix (gray m a i n  mass). E u h e d r a l  ens t a t i t e  crystal 

at  the lower r ight  corner of the  graphite obtrudes i t s  shape 

upon the  metallic nickel-iron. 

Fig.  l 3 (b )  .- Jajh deh Kot Lalu ens ta t i te  chondrite. Polished section, 

ref lected l i gh t .  

but with crossed polarizators.  

anisotropic with symmetric extinction. 

Photomicrograph of the same area as i n  Fig. l3(a), 

The graphite appears t o  be 
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J 

Fig. 14.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures of schreibersite,  associated with nickel-iron, 

i n  ens ta t i te ,  matrix. 

pictures taken i n  the K a  wavelengths of these elements. 

schreibersite i s  characterized by i ts  high N i  and I? 

contents. 

FeKa, NiKa, PKa, M g e ,  and sixa are 

The 

Fig. 13.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Polished section, 

ref lected l igh t .  

associated w i t h  nickel-iron (white), f e r ro  alabandite ( l e f t ,  

lighr. gray),  ens ta t i te  (gray main m a s s ) .  

Photomicrograph of s inoi te  (center, l i g h t  gray) 

Fig. 16. - Ja jh  deh 'Kot Lalu ens ta t i te  chondrite. Electron beam 

scanning pictures of s inoi te  ( SiZN2O), associated with metall ic 

nickel-iron and ens ta t i te .  

taken in  the K a  wavelengths of these elements. 

images were taken using newly developed dispersive detection 

'systems. The s inoi te  i s  characterized by i ts  high Si  and N 

contents. The image shows s l ight  enrichments of 0 on the  

grain boundaries of the s inoi te .  The quantitative measurements 

plot ted i n  Fig. 16 were carried out along t rack B. 

v L L a ~ & ~ ~ ~ ~  shape of The s lnoi te  grain on the l e f t  side of the  

SiKa image i s  remarkable. The matrix surrounding the s ino i te  

i s  ens t a t i t e  (SiK- and OK, image). 

is  characterized by i t s  high Fe content ( F e h  image). 

apparent N K ~  i n t ens i t i e s  on the metallic nickel-iron and on the 

e n s t a t i t e  are  due t o  high background values a t  t h i s  wavelength. 

F e h ,  SiKa, 4c,, and N K ~  are  pictures  

The N K ~  and (& 

The 

Cu2...---? - 

The metallic nickel-iron 

"he 
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Fig. 17.- Ja jh  deh Kot Lalu ens ta t i te  chondrite. Quantitative 

S i ,  N, and 0 microprobe analyses of the s i l icon o w i t r i d e  

grain shown i n  Fig. 16, track B. Quantitative analyses were 

performed by traversing the  grains with point'-by-point ! 

integration 3 microns apart .  

. 
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